Olfactory habituation is a simple form of nonassociative memory in which responsiveness to stable but behaviorally nonsignificant stimuli is decreased. Olfactory habituation has recently become a paradigm widely used to probe the neural substrate underlying olfactory perception and memory. This simple behavioral paradigm has been used successfully used to probe many aspects of olfactory processing, and it has recently become clear that the neural processes underlying olfactory habituation can depend on the task parameters used. We here further investigate memory specificity and duration using 2 variations in task parameters: the number of habituation trials and the time delay between habituation and cross-habituation testing. We find that memory specificity increases with the number of habituation trials but decreases with time after the last habituation trial.
Introduction
Olfactory habituation is a simple form of nonassociative memory in which responsiveness to stable but behaviorally nonsignificant stimuli is decreased. Classically used to probe novel object recognition and species-specific recognition (Johnston 1979) , olfactory habituation has recently become a paradigm widely used to probe the neural substrate underlying olfactory perception and memory (Chaput and Panhuber 1982; Sundberg et al. 1982; Gray and Skinner 1988; Guan et al. 1993; Paolini and McKenzie 1993; Wilson 1998; Fletcher and Wilson 2001; Linster et al. 2001b; Luo et al. 2002; Kiselycznyk et al. 2006; Guérin et al. 2008; Mandairon et al. 2008a; Moreno et al. 2009; Smith et al. 2009; Yang and Crawley 2009) . A habituation task is easy to implement, does not require training or shaping of the animal , and neural and synaptic correlates of behavioral habituation to odorants have been described (for review, see . The specifics of the behavioral task such as mode of odor presentation, duration of odor presentation, intertrial intervals (ITIs), and means of recording investigation are highly variable among laboratories. This simple behavioral paradigm has been used successfully to probe many aspects of olfactory processing, such as roles of bulbar neuromodulators in odor perception (Guan et al. 1993; Mandairon et al. 2006a Mandairon et al. , 2011 Guérin et al. 2008; Shea et al. 2008) , perceptual learning (Mandairon et al. 2006c; Moreno et al. 2009 ), the functional role of new born neurons in the bulb (Fletcher and Wilson 2001; Rochefort and Lledo 2005; Mandairon et al. 2006b; Moreno et al. 2009 ), and others (Gray and Skinner 1988; Paolini and McKenzie 1993; Deiss and Baudoin 1999; Luo et al. 2002; Wesson et al. 2008 Wesson et al. , 2010 Smith et al. 2009; Mandairon et al. 2011) . It has recently become clear that the neural processes underlying olfactory habituation can depend on the task parameters used (McNamara et al. 2008; Wilson and Linster 2008) and that the expression of the memory, that is, its duration and specificity, can also depend on these task parameters. For example, a form of habituation using very short ITIs and sampling times is mediated by synaptic adaptation in olfactory cortex, depends on the activation of metabotropic glutamate receptors, and lasts less than 5 minalthough being highly odor specific. In contrast, a form of habituation using longer ITIs and sampling times is mediated by olfactory bulb processes, depends on activation of N-methyl d-aspartate (NMDA) receptors in the OB structure, and lasts for at least 20 min and is not highly odor specific (McNamara et al. 2008; Wilson and Linster 2008) . The specifics of habituation memory can be modulated by a number of factors. For example, the duration of habituation memory can be modulated by changes in the olfactory environment (Rochefort and Lledo 2005; Mandairon et al. 2006c Mandairon et al. , 2008a , and, as detailed above, by the duration and ITIs of odor presentations (McNamara et al. 2008) . The formation of habituation memory has been shown to depend on intact locus coerulus neurons in mice (Guérin et al. 2008) , whereas the specificity can be modulated by manipulations of bulbar neuromodulators (Mandairon et al. 2006a (Mandairon et al. , 2008b Escanilla et al. 2010) , time course of habituation trials, and long-term changes in olfactory environments (Mandairon et al. 2006c; McNamara et al. 2008; Moreno et al. 2009 ).
To facilitate the comparison between results from different groups often using slight variations in task parameters, we here further investigate memory specificity and duration using 2 variations in task parameters: the number of habituation trials and the time delay between habituation and cross-habituation testing. We find that memory specificity increases with the number of habituation trials but decreases with time after the last habituation trial.
Materials and methods

Animals
Two cohorts of 8 age-matched male CD-1 mice (Charles River) served as subject; 1 cohort was used for Experiment 1 and the other for Experiment 2. Mice were group housed and kept on a reversed 12:12 light cycle. Food and water were continuously available. All experiments were carried out under a protocol approved by the Cornell University Institutional Animal Care and Use Committee in accordance with National Institutes of Health guidelines.
Odors
Experiments used 3 distinct odorsets, each comprising a homologous series of sequentially similar aliphatic molecules (carboxylic acids, acetate esters, and alcohols) varying from 2 to 6 (acids and esters) or 4 to 8 (alcohol) carbons in length. These odorants have been demonstrated to be perceptually similar to one another in proportion to their structural similarities (Cleland and Linster 2002<cb> . Each odor set consisted of a habituation odor (O hab ) and 3 test odors, differing by 1 (O C+1 ), 2 (O C+2 ), and 3 (O C+3 ) carbons from O hab . All odorants were diluted in mineral oil to an approximate vapor partial pressure of 1.0 Pa (Table 1) .
Behavioral testing
Mice were tested in a standard olfactory habituation/spontaneous discrimination task Mandairon et al. 2006c ). This task measures nonassociative memory and the specificity of the formed memory by testing cross-habituation among structurally similar odorants. All behavioral experiments were conducted during the early afternoon (the animals' dark cycle). Mice were placed in a clean standard Plexiglas mouse cage (14 24 cm). Sixty microliters of mineral oil was placed onto a piece of filter paper contained within a mesh tea ball, which was introduced into the cage at the beginning of each 50-s trial. At the end of the trial, the tea ball was removed from the cage until the end of the ITI. During each trial, the time that the mouse spent investigating the tea ball was measured (investigation was defined as active sniffing with the nose less than 1 cm from the tea ball). After each day's work, mice were replaced in their home cage.
In Experiment 1, we varied the number of habituation trials and kept the ITI between habituation and test trials constant ( Figure 1B ). Mice were habituated to an aliphatic odorant of a given carbon chain length (O hab in Table 1 ) during N = 2, 4, or 8 trials using 5-min ITIs and trial durations of 50 s. During each session, on trial N + 1, mice were presented with 1 of 4 odorants (O hab , O C+1 , O C+2, and O C+3 ) differing from O hab by 0, 1, 2, or 3 carbons. Odorsets and test odor presentations were randomized but counterbalanced for each mouse. In this experiment, each mouse was trained and tested on all combinations of N and test odor. Mice were not tested on the same odor set more than once every other day.
In Experiment 2, we used N = 4 habituation 50-s habituation trials with 5-min ITIs. We chose 4 habituation trials because this is the standard number used in most of our studies. To test for memory duration, we presented the test odorants at Δt = 5, 10, 15, and 20 min after the last habituation trial ( Figure 1C ) in randomized order. As a consequence, each mouse underwent habituation with each odor set once in a randomized order.
Analysis
Analyses were performed on the time spent investigating the odors. For each experiment, ANOVA was first run with either numbers of trials (Experiment 1) or delay between the fourth habituation trial and the test trial (Experiment 2) as main effects. Post hoc tests (Tukey's Honestly Significant Difference technique) were used to determine if 1) mice habituated to the odor (significant difference between the first and last habituation trial), 2) remembered the odor (significant difference between the last habituation trial and the delayed test with the habituated odor), or 3) discriminated a test odor from the habituated odor (significant difference between the last habituation trial and a test trial).
Results
Experiment 1: Effect of number of habituation trials on cross-habituation to chemically related odorants
Mice were first habituated to O hab during N = 2, 4, or 8 trials and subsequently tested on O hab , O C+1 , O C+2 , or O C+3 . We found a significant effect of trial number (F(2, 373) = 2.858, P < 0.05); specifically, mice habituated during N = 8 trials significantly differed in their overall response patterns from those habituated during N = 2 and N = 4 trials. A significant effect of trial was found in all groups (P < 0.001 in all cases) and in all groups mice habituated (significant decrease in investigation time between the first and last habituation trial; P < 0.001 in all cases). The response to the habituation odor declined as the number of habituation trials increased (Figure 2A) , showing that habituation can be a gradual process increasing with the number of presentations.
Mice habituated during N = 2 trials cross-habituated to all test odors (no difference in response to test odor and last habituation odor; P > 0.05 in all cases), indicating that the memory formed after 2 habituation trials was not specific to the habituation odor. In contrast, mice habituated during N = 4 trials crosshabituated to test odors differing by 1 carbon (P > 0.05) but not those differing by 2 or 3 carbons, indicating that habituation during 4 trials created a more odor-specific memory. Finally, mice habituated during N=8 trials responded significantly to all test odors different from the habituation odor, showing that the formed memory was highly odor specific, and in contrast with mice habituated during 2 or 4 trials, these mice differentiated between odors differing by a single carbon ( Figure 2B ). All mice were habituated during N = 4 trials and the response to the habituated odor and test odors was tested 5, 10, 15, and 20 min after the last habituation trial. Analysis of variance showed an overall significant effect of delay time (F(19, 623) = 18.676, P < 0.001). Post hoc tests showed that as in Experiment 1, mice habituated during N = 4 trials responded significantly less during the fourth trial as compared with the first trial (P < 0.001; Figure 3A) , that is, mice habituated to O hab . When tested 5 min after the last habituation trial, mice were still habituated to O hab (no significant increase in response as compared with the last habituation trial, P > 0.05) and were cross-habituated to test odors differing by 1 carbon from O hab (O C+1 ; P > 0.05), but not to chemically more dissimilar test odorants (significant difference between last habituation trial and test odor: O C+2 , O C+3 ; P < 0.05). This result agrees with that from Experiment 1 showing the same pattern: somewhat but no completely odor-specific memory after 4 habituation trials ( Figure 2B ). Ten and fifteen minutes after the last habituation trial, mice stayed habituated to O hab and were also cross-habituated to test odors differing by 1 and 2 (O C+1 , O C+2 , no significant difference between last habituation and test trials; P > 0.05) but not 3 carbons from O hab (significant difference between last habituation and test trials, O C+3 ; P < 0.05). Finally, 20 min after the last habituation trial, mice responded significantly to all test odors including O hab (O hab , O C+1 , O C+2 , O C+3 ; P < 0.05) indicating that the memory for O hab had faded after 20 min. These results suggest that memory specificity decreases before habituation memory declines over time ( Figure 3B ). 
Time course of memory acquisition and forgetting
The experiments presented above were designed to test the formation, duration, and specificity of an olfactory habituation memory. In order to directly compare the results from the 2 experiments, we calculated the degree of habituation or "memory formation" to O hab (O hab1 /O habtest ) as well as the degree of "memory duration" (O habtest /O hab4 ). The degree of habituation, or memory formation, increases as the response to the last habituation trial decreases. The degree of memory duration decreases as the response to the delayed test with the habituation trial increases as the rats forget the habituation odor. We could then plot the degree of habituation and the degree of duration as a function of the number of habituation trials ( Figure 4A ). As predicted from the data collected in Experiments 1 and 2, habituation (or memory formation) increases as the number of habituation trials increases, whereas duration decreases as the delay between the last habituation trial and the test trial increases ( Figure 4A ). We also calculated the degree of specificity of the memory by using the ratio between the response to the test odor O c+1 and the response during the last habituation odor O hablast ( Figure 4B ). Specificity (or discrimination) increases when the response to the test odor is larger than the response to the last habituation trial. As expected, the degree of discrimination increases as the number of habituation trials increases. Additionally, the degree of specificity decreases as the delay between the last habituation trial and the test trial increases. Specificity decreases in a manner similar to the memory duration, suggesting a common underlying mechanism.
Discussion
We describe specifics of a commonly used nonassociative memory task in rodents, olfactory habituation. We show that the specificity of the expressed memory with respect to the habituated odor depends on both the number of presentations of the habituated odor and the time elapsed since the last presentation of the habituated odorant ( Figures  2 and 3) . Interestingly, memory specificity declines in time before the memory for the habituation odor fades (Figure 3 ). This process is inverse to the formation of the memory during which the memory becomes more specific as the number of presentations increases (Figure 2 ), suggesting that acquisition and forgetting of this short-term, nonassociative memory may follow common, albeit inverse, principles. Both the degree of habituation to the habituated odor and the degree of specificity change as a function of acquisition trials and time elapsed since acquisition (Figure 4) .
The present data show that learning of an odor stimulus in a nonassociative paradigm narrows the representation of the learned odor because the animal acquires more familiarity with the odor in a manner similar to that described for odor-reward association learning by Cleland and colleagues (Linster and Cleland 2009 ). In both tasks, the odor specificity of the learned odor increased as the number of trials increased. In addition, the expression of the memory itself, that is, a lack of investigation response in the habituation paradigm or the magnitude of response in the associative task also increased steadily with the number of trials in both paradigms. These commonalities suggest the possibility of common neural mechanisms underlying both forms of memory. It has been shown that both are supported and modulated by bulbar processes (Mandairon et al. 2006a (Mandairon et al. , 2008b Guérin et al. 2008; Chaudhury et al. 2009; McNamara et al. 2008 ) and both are affected by changes in cholinergic processing in the olfactory bulb in that memory specificity decreased when nicotinic receptors in the OB are blocked (Linster et al. 2001a; Linster and Cleland 2002; Mandairon et al. 2006a; Chaudhury et al. 2009 ). Noradrenergic modulation in the olfactory bulb affects both the formation and expression of habituation memory (Guérin et al. 2008; Shea et al. 2008) , whereas the formation of this type of memory does not seem to be affected by cholinergic inputs to the OB (Mandairon et al., 2006a; Chaudhury et al., 2009 ).
The present data should help interpret existing and future data using habituation memory as a paradigm to study modulation of memory by extrinsic manipulations such as those described above. For example, from previous experiments we know that if changes in memory duration are measured, such as in Rochefort and Lledo 2005 , it is important to note that memory duration can be extended substantially more after memory formation with short ITIs as compared with longer ITIs, and small number of trials compared with a larger number of trials (McNamara et al. 2008) . Similarly, the present data show that if specificity is modulated, as in Kiselycznyk et al. 2006; Mandairon et al. 2006a Mandairon et al. , 2008a Guérin et al. 2008; Escanilla et al. 2009 , an intermediate number of habituation trials would yield best results if both increases and decreases in specificity are expected. In other words, the experiments presented here show possible ceiling effects that can affect the interpretation of existing results.
The formation and expression of nonassociative odor learning can be affected by a multitude of parameters such as number of presentation trials (current data), perceptual learning (Mandairon et al. 2006c (Mandairon et al. , 2006d Moreno et al. 2009 ), associative learning (Escanilla et al. 2008) , noradrenergic and cholinergic modulation (Mandairon et al., 2006a (Mandairon et al., , 2008b Guérin et al. 2008) , and odor concentration (McNamara et al. 2007) , showing that this form of memory is subject to plasticity to the same degree than associative memory, and that task parameters as well as previous experience of subjects need to be taken into careful consideration when interpreting and comparing data obtained in different settings.
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